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What is the nature of Dark Energy?

Neutrino Dark Energy (Mass Varying Neutrinos)

[Fardon,Nelson,Weiner '03]

Idea of varying neutrino masses in other contexts

[Kawasaki,Murayama, Yanagida '92,Stephenson et al '97]

o Attractive scalar force between Big Bang relic neutrinos (the analog of the
Cosmic Microwave Background (CMB) photons)— smooth background,
can form a negative pressure fluid

e — acts as a form of Dark Energy — accelerated expansion

e — neutrino mass m, becomes a function of neutrino energy density
pv(2), which evolves on cosmological time scales (here parametrized in
terms of cosmic redshift z)
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[Fardon,Nelson,Weiner '03]

Idea of varying neutrino masses in other contexts

[Kawasaki,Murayama, Yanagida '92,Stephenson et al '97]

e Attractive scalar force between Big Bang relic neutrinos (the analog of the
Cosmic Microwave Background (CMB) photons)— smooth background,
can form a negative pressure fluid

e — acts as a form of Dark Energy — accelerated expansion

e — neutrino mass m, becomes a function of neutrino energy density
pv(2), which evolves on cosmological time scales (here parametrized in
terms of cosmic redshift z)

— Neutrino mass not constant, but promoted to a dynamical quantity m,(z)!
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Dynamics of the MaVaN Scenario

Complex interplay between the neutrinos and the scalar field

e Consider class of models £ D L4 + Lo+ Lo
N——

—my (#)ov

e — m,(¢) generated by light scalar field, ¢ — become linked to its dynamics

e Neutrino energy density p,, and pressure p, are functions of neutrino mass m, (¢)
— pr(Mu(@)), Pu(Mu ()

e — Neutrinos can stabilize ¢ by contributing to its effective potential
Veit (@)= [pv(Mw () — 3pu (M. (¢))] + Vs (¢)
e Evolution of ¢ governed by modified Klein-Gordon equation  wit a denoting the scale factor and

H = 2 the Hubble expansion rate

,dlogm,,

do
N——
coupling 3

é+2H¢ + V) = —a

(pv = 3p,), with (= d/do)

e Extra source term on RHS accounts for energy exchange of ¢ and neutrinos

e As long as neutrinos relativistic, coupling term suppressed (p., — 3p, ~ 0)
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Dynamics of the MaVaN Scenario

Adiabatic evolution in the non-relativistic neutrino regime

e Consider late-time dynamics of MaVaNs in the non-relativistic limitm, > T,

—Pv ~ 0, Pr = MyNy (n, = neutrino number density)

— Vet (@)= pu(Mu(#)) + Vo ()

e Due to stabilizing effect of neutrinos on ¢, model can accomplish late-time
acceleration also for m, o > Ho ~ 10~ eV

e Inthe limit m? = Vi (¢) > H? adiabatic solution to EOM of ¢ apply ®ecaieom:

b +2HP + azve’ﬁ(¢, z) = 0, can safely neglect effects of kinetic energy terms)

e — ¢ instantaneously tracks the minimum of its effective potential Ves—
Veir(¢,2) = Vi (¢) + pi(mu(¢),2) =0 with ('=0/0¢)
N——
my, (¢)ny (Mo (¢),2)
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e Consider late-time dynamics of MaVaNs in the non-relativistic limitm, > T,

—Pv ~ 0, Pr = MyNy (n, = neutrino number density)
— Vet (@)= pu(Mu(#)) + Vo ()

e Due to stabilizing effect of neutrinos on ¢, model can accomplish late-time
acceleration also for m, o > Ho ~ 10~ eV

e Inthe limit m? = Vi (¢) > H? adiabatic solution to EOM of ¢ apply ®ecaieom:

b +2HP + azve’ﬁ(d>, z) = 0, can safely neglect effects of kinetic energy terms)

e — ¢ instantaneously tracks the minimum of its effective potential Ves—
Veir(¢,2) = Vi (¢) + pi(mu(¢),2) =0 with ('=0/0¢)
N——
my, (¢)ny (Mo (¢),2)

Crucial effect: p,(m,(¢),z) is diluted by expansion — ¢ varies on
cosmological time scales (slowly)
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Dynamics of the MaVaN Scenario

Neutrino mass varies!
° m,(¢) =m,(¢,2), —

Veff((]b, Z) = Vﬁf(mp(qﬁ), Z) Veﬂ‘earller
= pu (M, (0),2) +Ve(m.(9)) .
—_ earlier
My (¢)ny(2) N
E My,earl
o — avgg‘b) — >“‘f) earlier Vema[e(
om,, OVgi(m,) -0 - My ater -
96  om, |m,,:m,,(¢>) = EA
e v
e Neutrino mass variation determined =° @
from LVet(Mv.2) /
O:ny(ml,,z)+ang(':”) Plater
0 &
m,(z)
e
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Dynamics of the MaVaN Scenario

Neutrino mass varies!
o m,(¢) =m,(¢,2), —
Vi (4, 2) = Ver(m,(¢),2) Vit e

= pu(Mu(9),2) +Vg(m.(¢))
m,, (&) (2)

R

earlier

My, earli
o — —BVg;qu) = e

am, Vet (My) _
9¢” am,,u |m,,:mu(c‘>) =0

Vertlater
My jater

V, (m,), Vou(m,,z)

e Neutrino mass variation determined
Ve (my,z)
from =Gn, = =
aVg(m,)

p\aler
omy,

0=n,(Mm,,z)+

—. Combined scalar-neutrino fluid has

m,(z)
dynamical Eq. of State w(z) = %ﬁi; 7z

My (2)Ve(my (2)
m7, (z)Veit(my (2))

w(z)+1=
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The Stability Issue in Models of Neutrino Dark Energy

[ Instabilities? Formation of dense neutrino bound states? ]

'In the non-relativistic neutrino regime any realistic MaVaN scenario with
mi > H? > 0 s characterized by a negative sound speed squared ¢ < 0 and thus
becomes unstable to hydrodynamic perturbations...with the likely outcome of the
formation of non-linear structures in the neutrino density ('neutrino nuggets’)’
[Afshordi, Kohri, Zaldarriaga '05]

Note: Outcome of neutrino instability is an inherently non-linear process ...but if
‘'nuggets’ really form, they redshifts similar to cold dark matter with w ~ 0 =« —1 — no
acceleration (Quintessence? Cosmological Constant?)

Reconsider stability issue in framework of linear perturbation theory

Aim: Identification of condition for stabilization of the neutrino density
contrast

Lily Schrempp (DESY Hamburg) FERMILAB, May 10-12, '07 7122



The Stability Issue in Models of Neutrino Dark Energy

Instabilities
e Neutrino instabilities driven by attractive force mediated by ¢
e Phenomenon similar to gravitational instabilities of CDM
e Good observational evidence, at early times universe homogeneouse
and isotropic on all scales

e Apart from small primeval peturbations dp; in densities p; of each
individual particle i

dpi (X7 T)
pi(7)

density constrast

pi(X,T): &(j_’l + 5pi(X,T) R (si(X,T)E

mean background density ~ small perturbation

e — grew by gravity into observable structure on scales of galaxies and
clusters of galaxies

e Small amplitudes |5pi(X, 7)| < pi(7) < [0i(X, 7)| < 1 — growth of
fluctuations can be solved from linear perturbation theory
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The Stability Issue in Models of Neutrino Dark Energy

Gravitational instability in Newtonian theory
e Assume static (non-expanding) universe, consider perfect fluid, density p,

pressure p, velocity v (Continuity eq. + Euler eq. + Newtonian gravity)

e Add small perturbations ép, dp, v and linearise — for k™ Fourier component

ok + (c2k? —4nGp) 6 =0, where w = ,/c2k? — 47Gp
—~— ——

pressure gravity

e Perturbations adiabatic (c2 = % adiabatic sound speed squared)
o — sign Of w? (which depends on c2) determines perturbation evolution

e change of sign of w? at critical value Kxas = \/47Gp/c2

+|wlt

L] for k < kmns: wz < O (gravity overcomes pressure) —> 5k x e y grOWing SOlUtiOn

+iwt

e fork > Kiemns: w? > 0 — ¢ x e='“*, no growth but acoustic oscillations
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Gravitational instability in Newtonian theory

e Assume static (non-expanding) universe, consider perfect fluid, density p,
pressure p, velocity v (Continuity eq. + Euler eq. + Newtonian gravity)

e Add small perturbations ép, dp, v and linearise — for k™ Fourier component

ok + (c2k? —4nGp) 6 =0, where w = ,/c2k? — 47Gp
—~— ——

pressure gravity

e Perturbations adiabatic (c2 = % adiabatic sound speed squared)
o — sign Of w? (which depends on c2) determines perturbation evolution

e change of sign of w? at critical value Kxas = \/47Gp/c2

+|wlt

L] for k < kmns: w2 < O (gravity overcomes pressure) —> 5k x e y grOWing Solution

+iwt

e fork > Kiemns: w? > 0 — ¢ x e='“*, no growth but acoustic oscillations

— sound speed squared c? governs evolution of density contrast d;

Lily Schrempp (DESY Hamburg) FERMILAB, May 10-12, '07 9/22



The Stability Issue in Models of Neutrino Dark Energy

Make contact with MaVaN instabilities

e MaVaNs interact through gravity and the force mediated by ¢ (both attractive),
A7G — 4AnGei(B(¢))
e Sound Speed Squared? For a general fluid i (with ‘g general, 'cs" adiabatic, ;" intrinsic entropy perturbation)
opi 2_ b opi(x, 1)
wili = (c§ —c2)d, Cco=—, Cci==, G(x7)= :
i ( gl al) I (] 5p| S pi I( ) Pi(T)
e Dissipative processes invoke entropy perturbations (i # 0) [Hu' 98, Bean, Dore 03, ..]
e For MaVaNs? Depends on scales/regimes one considers!

e Relativistic neutrinos: free-streaming and relativistic pressure support — no
growth (on all scales)

e Non-relativistic neutrinos: p, ~ 0 — possible growth
° m;l sets physical length scales a/k as of which gradient terms become

unlmportant (I'¢ ~ 0) (for small deviations away from its minimum, ¢ re-adjusts to new minimum on a time scale m;l < H L

[Afshordi, Kohri, Zaldarriaga ' 05, Kaplinghat, Rajaraman’ 06]
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e Sound Speed Squared') For a general fluid i (with ‘g general, 'cs" adiabatic, ;" intrinsic entropy perturbation)

Ipi 2 _ Pi Spi(x,7)

r = P — i i 2 = — (5 N = —

Wil (Cg| Ca|) di, Cq = 6P| Cs B s i(x,7) i(7)

e Dissipative processes invoke entropy perturbations (i # 0) [Hu' 98, Bean, Dore 03, ..]

e For MaVaNs? Depends on scales/regimes one considers!

e Relativistic neutrinos: free-streaming and relativistic pressure support — no
growth (on all scales)

e Non-relativistic neutrinos: p, ~ 0 — possible growth
° m;l sets physical length scales a/k as of which gradient terms become

unlmportant (I'¢ ~ 0) (for small deviations away from its minimum, ¢ re-adjusts to new minimum on a time scale m;

[Afshordi, Kohri, Zaldarriaga ' 05, Kaplinghat, Rajaraman’ 06]

)

On scales m; ! <a/k < H~! MaVaN perturbations adiabatic — v — ¢ system can

be treated as unified fluid with Mo = 0 and ¢ = 225 = & — o)

Lily Schrempp (DESY Hamburg) FERMILAB, May 10-12, '07 10/ 22



The Stability Issue in Models of Neutrino Dark Energy

Equation of motion of the neutrino density contrast 9, = %”

e Energy-momentum conservation equations for the coupled neutrinos

. _ dlogm,

«@
Yip T T ¢’ AVT(" ’
——
coupling 3

where Tu~y is the energy-momentum tensor

e consider perturbed part in the non-relativistic neutrino regime

(where instabilities can possibly grow)

e use perturbed part of the Klein-Gordon eq. ss + 2156 + (2 + 22(v)/ + 8’ o156 = —a2B5, 00

[cf. eg. Amendola '03, Koivisto '05]

a’Bp.o,
(VI +0p) e

66 = -
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The Stability Issue in Models of Neutrino Dark Energy

Equation of motion of the neutrino density contrast 9, = %

In the non-relativistic neutrino regime on length scales m;l < a/k < H~ L with negligible neutrino shear and p,, ~ wy ~ 0

§ 4 (c2k2 — 4nGp)s =0 dp = dcpm

Compare: Newtonian theory, static universe, perfect fluid deep in matter-dominated

regime

b, + Hé,+[c2k? — 47a’Ge1p, )6, = 47a%G [pcomdcom + o)

2°M}

Get =G |1+ mwyrase
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The Stability Issue in Models of Neutrino Dark Energy

Equation of motion of the neutrino density contrast 9, = %

In the non-relativistic neutrino regime on length scales m;l < a/k < H~ L with negligible neutrino shear and p,, ~ wy ~ 0

, 252M§|
o - 8262, Ot =8 |1 TRV a )/ b = dcom
deep in matter-dominated regime
~(—E K- 3H20,)5
) 2 Y
- : 3 .,G 3
2,2 2 eff 2
6, +Ho,+H[czk? — —H? —=  Q, 16, = =H*[ Qcom + b ]dcom
2 G ~— 2 ——
~ 10—4..0.02 ~ 0.22 ~ 0.04
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The Stability Issue in Models of Neutrino Dark Energy

Equation of motion of the neutrino density contrast 9, = ‘;ﬂ

v

In the non-relativistic neutrino regime on length scales m;l <a/k <H —1 with negligible neutrino shearand py, ~ wy ~ 0

) 232M3
G =6 a4
0 = 8288 o a2 (V4B p) /K2 Sb =~ dcpMm

deep in matter-dominated regime

6, + Ho,+[c?k? — gHZ% Q, 16 = ;HZ[ Qcom + Qb | dcom
~ 10-4..0.02 ~ 022  ~ 0.04
S (), < [Qcom + Q) et (), > [Qcom + Q)

Dynamics of §, governed by CDM —
moderate growth like ordinary gravi-
tational instabilities ('neutrinos follow
CDM'’) — up to the present time

6, < 1 (= stability) possible
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The Stability Issue in Models of Neutrino Dark Energy

Equation of motion of the neutrino density contrast 9, = ‘;ﬂ

v

In the non-relativistic neutrino regime on length scales m;l <a/k <H —1 with negligible neutrino shearand py, ~ wy ~ 0

) 232M3
G =6 a4
0 = 8288 o a2 (V4B p) /K2 Sb =~ dcpMm

deep in matter-dominated regime

. : 3 .G 3
51/ a4 H5y+[C3k2 - EHzg QV ]5,, = EHZ [ QCDM I Qb ]5CDM
~ 10—4..0.02 ~ 0.22 ~ 0.04

S (), < [Qcom + Q) et (), > [Qcom + Q)

Dynamics of §, governed by CDM —
moderate growth like ordinary gravi-
tational instabilities ('neutrinos follow
CDM'’) — up to the present time

6, < 1 (= stability) possible

Dynamics of §,, governed by the strong
coupling — depending on coupling
function 3 (¢(z)) (faster than) exponen-
tial growth — ¢, > 1 (= instability)
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The Stability Issue in Models of Neutrino Dark Energy

Any realistic MaVaN scenario c2 < 0?

i 2 _ PpE _ w
e Require cs = e = @ FAS) 2 0 for
m,,(z) >> T,,(Z) (lake into account finite temperature effects)

3 2 2
om,. (z) 5aT2 o(1+2)
~ o (o) +
= I
T ayy?
3. 25aT2  (1+ . [ o
szo,wnhaz Ooo
£ 3my,(2) 2 T dyy?
i=1 f eY+1

[Takahashi, Tanimoto '06]

e Assume degenerate mass spectrum with
my, (0) ~ m,,(O) =0.312eV,i-1,23

- determine maximally allowed neutrino
mass variation

Lily Schrempp (DESY Hamburg)
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The Stability Issue in Models of Neutrino Dark Energy

Any realistic MaVaN scenario c2 < 0?

e Require c? = Bt —

w T T T Trrr
for — @~ Fire) = 0 for ’

mu(z) > TV(Z) (lake into account finite temperature effects) 0.3
— F
S (i sy oo f
N _ )
oz 2
Z 2 @) e
o 4
dyy
0.2
3 25072 o(1+2) > 0. with o = Ofey+1
& @ = - 7°dyy2
- ey +1 L
0.15 Lol Lol
1 10 100

1+z
[Takahashi, Tanimoto '06]

e Assume degenerate mass spectrum with ;
m,, (0) ~ m, (0) = 0.312eV, i 1.2 3 restricts the allowed mass
— determine maximally allowed neutrino variation at late times
mass variation

Requirement of ¢ > 0 strongly

Lily Schrempp (DESY Hamburg)
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The Stability Issue in Models of Neutrino Dark Energy

A stable model — —

5 1k -
e Normalization? 8 7 7
10-2 ]
e — Fork =0.11hMpc™* gk ‘ 7
2 k3P (k 2 . ] e
A(k) = 27r(2) x 0cpm < 1 —linear 7 E
[V 10-2 — ]

[Percival et al.06] U

e Since 42 < §25y— neutrino density L
contrast linear, 62 < 1 = no 'neutrino

nuggets’! g Lo \F
i
e — Adiabatic model of Neutrino Dark ~ “© 102 \

Energy stable also in the highly C
non-relativistic regime— viable dark
energy candidate

1+z

k = 0.11hMpc ™1, 8 = /My, my; (z = 0) = 0.312 eV
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e Normalization? g 7 7
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e — Fork =0.11hMpc™* L ‘ 7
2 k3P (k 2 . - e
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N wn 1072 L )
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e Since 42 < §25y— neutrino density L 1
contrast linear, 62 < 1 = no 'neutrino
nuggets’!

e — Adiabatic model of Neutrino Dark
Energy stable also in the highly
non-relativistic regime— viable dark
energy candidate

1+z

k = 0.11hMpc~1, 8 = 0,my, (z = 0) = 0.312 eV
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The Stability Issue in Models of Neutrino Dark Energy

An unstable model

r; 102 o
. . )
e Rapid evolution of m,(z) —
Y
e m,(z) < T.(z) (non-relativistic E,: 10 t
regime): pressure support deminishes &
— ¢2 driven to negative values
N ©n O
(]
-1
108
R
i 10
0
5 10
1+z

k = 0.11hMpc~2, B o const., my, (z = 0) = 0.312eV
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The Stability Issue in Models of Neutrino Dark Energy

An unstable model

. . - 105 = 4
e Rapid evolution of m,(z) =
e m,(z) < T.(z) (non-relativistic =
regime): pressure support deminishes -~
— ¢2 driven to negative values 1or e
Uenueon
102 -

Recall:

v, CDM

. . G
Sy +Hou+[c2k? — $H22EMa, 15, = $HZ [acpy + ] Scpm

e As soon as coupling is large enough
to compensate for small neutrino s
mass (and thus Q,) —

e 5, > 1 — model unstable before
today — excluded as DE candidate

u‘CDM‘

i

1+z

k = 0.11hMpc~2, B o const., my, (z = 0) = 0.312eV
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e Reconsideration of the stability issue in models of adiabatic neutrino dark
energy

e Other cosmic components (CDM and baryons) can have stabilizing effect
on MaVaN perturbations

o If %QV < [Qcpm + Qp] — moderate growth of perturbations as in general
relativity — 0, < 1 (= stability) possible

e If strong coupling compensates for relative smallness of Q, — §, > 1 (=
instability) in the non-relativistic regime

« Viable model of neutrino dark energy found with cZ > 0 — allowed mass
variation strongly restricted at late times

¢ Note: non-adiabatic models of neutrino dark energy with my ~ H are

stable [Brookfield, van de Bruck, Mota, Tocchini-Valentini ‘06, Afshordi, Kohri, Zaldarriaga '05]

e Note: 'Hybrid’ models involving two light scalar fields can be stable until
the present time even in the presence of unstable neutrino component

[Fardon, Nelson, Weiner '06, Spitzer '06]

Lily Schrempp (DESY Hamburg) FERMILAB, May 10-12, '07 17122
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Mass Varying Neutrino (MaVaN) Scenario

The non-SM neutrino interaction mediated by a scalar
field
e Introduce a light scalar field ¢ with mass Hy ~ 10-*%V < m, <10 “eV
e Introduce a coupling between neutrinos v and ¢
e — Consider class of models with

LD Ly+ Ly + Lo, Where

1
Ly =50"60u6 = Vs(9)
‘CVm& = _mV(QS)l_/V
— neutrino mass m, (¢) is generated from the VEV of ¢ and becomes

linked to its dynamics
— neutrinos interact through a new non-SM force

Lily Schrempp (DESY Hamburg) FERMILAB, May 10-12, '07 19/22



The Stability Issue in Models of Neutrino Dark Energy

Evolution of scalar field perturbations j¢

where ¢(x, 7) = ¢(7) + Sp(x, T)

e Perturbed Klein-Gordon equation in the non-relativistic neutrino regime

(—> neglect terms o< py, wy, CIZ/ and 4>)

—_——
m? —32py

8¢+ 2HEp + {kz +a% (V) + B/py)J §¢ = —a’B6,p,

e Solution of homogenous equation is oscillating with decaying amplitude
e Particular solution given by forcing term on RHS

azﬂpuéu
V7 +'p) + K2

56 = -

[cf. eg. Amendola’ 03, Koivisto’ 05]
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The Stability Issue in Models of Neutrino Dark Energy

A concrete model

Consider model proposed in the context of ‘Chameleon cosmologies’ [Khoury, Weltman '03, Brax, van de Bruck, Davis, Khoury, Weltman '04, ...]

e Recall: evolution of ¢ determined by Vi(¢) = 0 =V, (¢) + p., (M. (9))

e Exponential potential

n

4 M
Vo (d) = MTe "
e Exponential dependence of m, on ¢

coupling
84 ~=~ dlogm
Mo (6) = mee””, where 5 = $109Mv

T = const.

Typically, B¢ < 1 — m, very weakly depends on changes in the neutrino energy
density — m, hardly evolves with time

e — attractive force between neutrinos essentially time independent

Lily Schrempp (DESY Hamburg) FERMILAB, May 10-12, '07 21/22



The Stabilitiy Issue in Models of Neutrino Dark Energy

Another model

Proposed by Fardon, Nelson, Weiner '05

e Logarithmic scalar potential (vofixed by requirement of 2pg ~ 0.7)
V4 (¢) = Volog (1 + ko), with Vg, k = const.

e Mass dependence on qb as preferred in the MaVaN literature [Fardon, Nelson, Weiner '05, ‘06, Afshordi, Kohri, Zaldarriaga

' 05, Spitzer’ 06...]

coupling
=
ml/((b) - n;soa where ﬁ = dl(;% = _%75 const.

o dependence m,(¢) naturally arises from integrating out a heavier sterile
state, whose mass varies linearly with the value of ¢ ‘(MaVaN seesaw’)

e m, strongly depends on changes in the scalar field VEV

e since ¢ decreases, || increases with time — attractive force between
neutrinos increases with time

Lily Schrempp (DESY Hamburg) FERMILAB, May 10-12, '07 2222
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